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ABSTRACT
Purpose: While recent studies described the role of IKZF1/3 proteins in multiple myeloma (MM) cells,
few have highlighted the significance of IKZF1/3 expression in T-cells. In this study we examine the
prognostic and predictive value of IKZF1/3 expression in T-cells in patients with MM stage III.
Experimental design: We analysed the IKZF1/3 expression levels in T-cells from 45 MM stage I (MMI)
and 50 newly diagnosed MM stage III (MMIII) patients, according to Durie-Salmon staging system, by
flow cytometry to examine their prognostic and predictive value. We also combined in vivo observations
with in vitro assays to determine the effect of IKZF1/3 expression on the T-cell immunophenotype and
anti-tumour T-cell response in 162 MMIII patients.
Results: We found that high IKZF3, but not IKZF1, expression in T-cells correlates with superior overall
survival in MMIII patients treated with immunomodulatory drugs (thalidomide, lenalidomide and poma-
lidomide). Moreover, we show that higher IKZF3 expression in T-cells inhibits myeloma-specific T-cell
response in vitro and that the immunophenotype of patients with high IKZF3 expression shows features
that are contrary to the changes induced by immunomodulatory drugs. Although we observed higher
IKZF3 expression levels in T-cells from patients with MMIII compared to MMI, IKZF3 expression was
unaffected by the tumour microenvironment.
Conclusion: In conclusion, IKZF3 expression in T-cells is a predictive value for clinical outcome in MMIII
patients treated with immunomodulatory drugs due to its profound modulation of T-cell functionality.
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Introduction

Although MM has been acknowledged as an incurable disease,
recent achievements have challenged this paradigm. In parti-
cular, the introduction of immunomodulatory drugs, such as
lenalidomide and pomalidomide, has expanded the therapeu-
tic options for patients with MM. In addition to their known
anti-MM effects,1,2 they modulate the immune system and
enhance T-cell function.

IKZF1/3 proteins are transcriptional factors that play a
major role in lymphocytes differentiation, IKZF1 is a well-
known regulator of Notch target genes.3,4 IKZF1/3 regulate
chromatin remodelling of their target genes either by directly
binding to them and subsequent formation of heterochroma-
tin, or by recruiting other proteins such as HDAC1.5,6

The post-transcriptional regulation of IKZF1/3 is poorly
understood, heterodimerization with other proteins is thought
to be one of the mechanisms by which IKZF1/3 functions are
regulated.7-9 Spleen tyrosine kinase (SYK) and Bruton’s Tyrosine

Kinase (BTK) are found to phosphorylate unique sites in the zinc
finger domain of IKZF1 and therefore increase its nuclear locali-
zation and DNA binding activity.7,10 Moreover, the phosphoryla-
tion of IKZF1 by Casein Kinase II (CK2) at its C-terminal region
regulates its ability to control G1/S cell cycle progression.11

Recent data have highlighted the role of the CRL4CRBN

ubiquitin ligase complex and the IKZF1/3 in the mode of
action of immunomodulatory drugs. Krönke et al. showed
that the binding of lenalidomide to the CRBN-CRL4 ubiquitin
ligase complex augments the binding affinity of CRBN to
IKZF1/3 and that this specific binding leads to the subsequent
ubiquitination and degradation of IKZF1/3, which are essen-
tial for the survival of MM cells.12

The role of IKZF1/3 on T-cell functionality was first reported
by Thomas et al. and Bandyopadhyay et al. They described the
influence of IKZF1 on the regulation of IL-2 in T-cells.13,14

Similarly, Krönke et al. showed by downregulating IKZF1/3 in
human CD3+ T-cells that IKZF1/3 suppress autocrine IL-2
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secretion from T-cells and that downregulation of IKZF1/3
enhances IL-2 secretion from T-cells.12

Aside from these in vitro observations, recent data have high-
lighted the prognostic value of CRBN-dependent proteins
expression not only in MM cells15-18 but also in immune cells
for the outcome of patients with MM treated with immunomo-
dulatory drugs.19 In addition to the correlation of the expression
of CRBN and its associated genes, such as IKZF1, IRF4, MCT-1
and CD147, with overall survival (OS), the authors also
described the expression of IKZF1/3 protein in T- and B-cells
in the bonemarrow (BM) of a small cohort of patients withMM.
They found that higher IKZF1 expression correlates with
increased progression-free (PFS) and overall survival as well as
an improved response after lenalidomide-based therapy.

The aim was to confirm recent findings regarding the prog-
nostic and predictive value of IKZF1/3 protein expression levels
in T-cells in a large cohort and to clarify the significance of
IKZF1/3 expression in T-cell functionality in patients with MM.

Results

Flow cytometry analyses reveal marked differences in the
frequency of T-cells expressing IKZF1/3 proteins in
healthy donors and patients with plasma cell diseases

We compared the expression levels of IKZF1/3 protein in
T-cells from 38 healthy donors (HD), 43 Monoclonal
Gammopathy of Undetermined Significance (MGUS), 45
MMI and 211 MMIII patients, by flow cytometry analyses.
T-cells were gated as SSClow CD45+ CD3+, and the protein
expression level was measured as the percentage of T-cells
expressing the proteins (Figure 1A).

By comparing individuals in each group, we found that all
HD, MGUS patients and MMI patients displayed an IKZF1
expression level between 62.5 and 99.8%, whereas MMIII
patients displayed an expression level between 0.1 and 99.6%,
with approximately 13% of the patients exhibiting expression
levels lower than 60%. All HD, MGUS patients and MMI
patients exhibited an IKZF3 expression level between 3.7 and
71%, whereas MMIII patients exhibited an expression level
between 1.4 and 96.4%, with approximately 30% of the patients
exhibiting IKZF3 expression levels higher than 71% (Figure 1B).

By comparing the different groups, we found that patients
with MMIII displayed a significantly higher IKZF3 protein
expression level compared to HD (p < 0.0001), MGUS patients
(p < 0.0001) and MMI patients (p < 0.0001). A significant
difference was not observed in the IKZF1 expression level
between MMIII patients and HD (p = 0.53); however, MMIII
patients displayed a slight decrease in the expression level of
IKZF1 compared to MGUS patients (p = 0.01) and a trend
compared to MMI patients (p = 0.057) (Figure 1C).

High IKZF3 expression in T-cells correlates with superior
OS in symptomatic MMIII patients treated with
immunomodulatory drugs

Given that most of the patients displayed different IKZF1/3
expression levels in their T-cells, we examined the role of
IKZF1/3 expression level in the progression to symptomatic

MMIII as well as the response to immunomodulatory drugs.
We analysed the IKZF1/3 protein expression level in 42 sam-
ples collected from patients diagnosed with MMI. Based on
the IKZF1/3 expression level in T-cells, the patients were
subdivided into the IKZF1/3high or IKZF1/3low groups; the
subdivision was based on the median protein expression
level. PFS was measured as described in the method section;
Kaplan-Meier analysis was performed to analyse the results.

No significant difference, in terms of PFS, was observed
between IKZF1high patients and IKZF1low patients (p = 0.77,
hazard ratio (HR) = 1.1); or, IKZF3high patients and IKZF3low

patients (p = 0.59, HR = 1.28) (Figure 2A).
To further study the effect of IKZF1/3 expression on

T-cells in patients with MMIII, we analysed IKZF1/3 expres-
sion in pretreatment samples from 50 MMIII patients. All
MMIII patients were treated with immunomodulatory drugs;
lenalidomide, thalidomide or pomalidomide (n = 38, 11 and
1, respectively). Kaplan-Meier analysis was performed to ana-
lyse the difference in the OS between patients’ groups. We
found that IKZF3high patients demonstrate a significantly
higher OS rate compared to IKZF3low patients (p = 0.03,
HR = 0.44), however, a significant difference was not found
between the IKZF1high and IKZF1low patients (p = 0.35,
HR = 0.68). (Figure 2B).

Independent analyses have been performed to assess the
possible interfering factors between the patients with IKZF1/
3high and patients with IKZF1/3low, in terms of risk group (high
or standard-risk) and age. No significant difference has been
observed between both groups (Figure S4), this highlights the
predictive value of IKZF3 as an independent marker.

IKZF3high MM patients exhibit features of
immunodeficiency before the treatment but exhibit
increased T-cell response to lenalidomide compared to
IKZF3low patients

Since the IKZF3high patients were found to have superior OS
compared to IKZF3low patients treated with immunomodula-
tory drugs, we sought to examine the influence of high IKZF3
expression on T-cells during an immune response on a cel-
lular level. We examined the CD8+ antigen-specific T-cell
response in 13 pretreatment samples from MMIII patients
with different IKZF3 expression levels using our MART-
1aa26-35*A27L model as described in the method section
(Figure 3A). Interestingly, we found that patients without a
specific T-cell response (negative ELISPOT, n = 9) displayed
significantly higher IKZF3 expression levels compared to
patients with a specific T-cell response (positive ELISPOT,
n = 4, p = 0.01) (Figure 3B).

As Krönke et al. showed that the immunomodulatory effect
of lenalidomide is achieved by the inhibition of the IKZF3-
mediated repression of IL-2 gene expression,12 we further
examined how the IKZF3 expression level in T-cells affects
lenalidomide-induced IL-2 excretion. CD3+ T-cells isolated
from the peripheral blood (PB) of 14 MMIII patients were
incubated with antiCD3/CD28 activation beads at a cell:bead
ratio of 1:4 and either 10 µM lenalidomide or DMSO as a
control. Seven of these 14 patients exhibited high IKZF3
expression, and seven patients exhibited low IKZF3 expression;
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the cells were then incubated for 24 h, and the supernatants
were collected and used to measure IL-2 concentrations by
ELISA. IL-2 concentrations in the IKZF3low patients of the
control and lenalidomide groups were not significantly differ-
ent (p = 0.94); however, IKZF3high patients exhibited signifi-
cantly higher IL-2 excretion levels in the lenalidomide group
than those in the control group (p = 0.03) (Figure 3C).

Based on the previous findings showing that lenalido-
mide boost the immune response by upregulating func-
tional markers, such as CD28, and downregulating
CD45RA on CD8+ T-cells, we examined the expression of
these markers in newly diagnosed patients with MMIII
before and after 4 cycles of lenalidomide-based induction
therapy.

Pre-treatment, IKZF3high patients displayed significantly
lower expression levels of CD28 surface markers on CD8+

T-cells than IKZF3low patients (p = 0.001), thus reflecting the
presence of more CD8+CD28− regulatory T-cells in IKZF3high

patients; however, a significant difference was not observed
between the two groups after induction therapy (p = 0.57),
showing that lenalidomide-based induction therapy upregulated
CD28 expression in IKZF3high patients only (Figure 3D). By
comparing CD45RA expression levels between the two groups,
we found that IKZF3high patients expressed significantly higher
levels of CD45RA before treatment (p = 0.02). Then, we com-
pared CD45RA expression after the induction therapy in
IKZF3high/low patients, and found that in both groups, the
expression of CD45RA was downregulated; however,

Figure 1. Flow cytometry analysis of IKZF1/3 expression in T-cells from healthy donors and plasma cell disease patients.

(A) Representative flow cytometry plots showing the gating strategy used to analyse IKZF1/3 levels in CD3+ T-cells.
(B) XY scatter plots for IKZF1 expression (on the X-axis) versus IKZF3 expression (on the Y-axis) showing the average

distribution in HD (n = 38), MGUS (n = 43), MMI (n = 49) and MMIII (n = 211) patients; every point represents one
individual.

(C) The differences in IKZF1/3+ T-cells frequencies in HD and patients with different plasma cell diseases.

ONCOIMMUNOLOGY e1486356-3



IKZF3high patients displayed a greater decrease in CD45RA
expression compared to IKZF3low patients (Figure 4E).

We then analysed the frequency of CD4+CD25+ regulatory
T-cells in samples collected from 46 MMIII patients in the
IKZF3high and IKZF3low groups, but a significant difference
was not observed between the two groups (p = 0.4) (Figure 3F).

The modulation of IKZF1/3 in vivo and in vitro

We performed different experiments to examine whether
there is a basal level of IKZF1/3 protein expression or whether
the tumour-induced soluble factors can modulate their
expression in T-cells. First, we performed an in vitro assay
to test the effect of the tumour microenvironment. CD3+

T-cells isolated from the PB from 5 HD were incubated in
RPMI medium containing 10% MGUS BM serum, as a BM
control, or 10% newly diagnosed MMIII BM serum for 48 h.
The cells were then collected, and the IKZF1/3 expression
level was analysed using flow cytometry. We did not observe
differences in IKZF1 or IKZF3 expression between the MGUS
and MMIII BM serum (p = 0.87, p = 0.96 respectively)

(Figure 4A). IKZF1 gene expression level has been measured
using RT-PCR, but also no significant difference was observed
in the expression level between the different conditions
(Figure S5).

To further check the possible influence of the tumour
microenvironment in modulating the level of IKZF1/3 in
vivo, we examined the IKZF1/3 expression levels in T-cells
collected from the BM and PB of 15 newly diagnosed MMIII
patients, and then compared the expression levels of IKZF1/3
between both samples. No significant differences were
observed in the expression levels of IKZF1 and IKZF3
between both conditions, the results that confirmed the find-
ings from the in vitro experiments, which showed that the
tumour microenvironment could not influence IKZF1/3
expression levels (Figure 4B).

We then tested whether the T-cells could restore the basal
expression level of IKZF1/3 protein after the lenalidomide-
induced degradation. T-cells from 3 different HD were incu-
bated with either DMSO or 10 µM lenalidomide for 24 h, after
24 h the cells were washed and incubated in fresh medium for
72 h. Cells were tested for the IKZF1/3 expression level during
the experiment every 24 h. We found that the IKZF1/3

Figure 1.
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expression level could be restored to normal baseline levels
24 h after the washing of lenalidomide (Figure 4C).

Then, we tested whether the baseline expression level of
IKZF1/3 could also be restored after the lenalidomide-induced
degradation of IKZF1/3 in vivo. We measured the IKZF1/
IKZF3 expression levels in T-cells from 4 MMIII patients
before and after lenalidomide-based induction therapy
(4xVRD). Interestingly we did not observe differences in
IKZF1/3 expression levels before and after the induction ther-
apy (Figure 4D). Together with the previous in vitro results,
we showed that IKZF1/3 expression can be restored after
lenalidomide degradation.

Discussion

As immunomodulatory drugs are an essential part of the
current therapeutic strategies for MM, predictive factors
regarding the efficiency of those drugs are urgently required.
Recent reports about the predictive value of IKZF1/3 expres-
sion on OS of MM patients after lenalidomide-based therapy
demonstrated conflicting results.15,17-19 While Bolomsky et al.
reported that the expression of IKZF1 in T-cells was predic-
tive for OS in MM patients; we found that only IKZF3
expression has a predictive value.

Our analysis focused on the different effects of high and
low IKZF1/IKZF3 expression in T-cells on T-cell function and
immunophenotype. Few data described the impact of IKZF1/
IKZF3 on T-cells. Krönke et al. showed that the autocrine IL-2
secretion of T-cells is decreased by IKZF3.12 This observation
is in line with the finding that lenalidomide enhances IL-2-
driven T-cell activation20 and with our finding that CD3+

T-cells from IKZF3high patients exhibited features of immu-
nodeficiency and significantly upregulated IL-2 secretion
when treated with lenalidomide. In our study, we showed
that the expression of IKZF3 in CD8+ T-cells was associated
with decreased expression of CD28, a surface marker that is
downregulated on CD8+ regulatory T-cells, and increased
expression of CD45RA, whereas the opposite effects were
described as the impact of lenalidomide on the immunophe-
notype of T-cells.21

Most notably, our results demonstrate that high IKZF3 levels
predict better OS in symptomatic MMIII patients treated with
immunomodulatory drugs, whereas controversially high IKZF3
expression impairs T-cells by disrupting the IL-2 loop. A possible
explanation might be that patients with high IKZF3 expression
levels benefit more from the treatment with immunomodulatory
drugs and that immunomodulatory drugs are able to better boost
suppressed T-cell responses in patients with high IKZF3

Figure 2. Correlation of the IKZF1/3 expression level in T-cells with PFS in untreated asymptomatic MMI patients and OS in MMIII patients treated with
immunomodulatory drugs.

(A) Kaplan-Meier plot illustrating the influence of IKZF1 (left) or IKZF3 (right) on PFS in patients with asymptomatic
MMI (n = 45).

(B) Kaplan-Meier plot illustrating the influence of IKZF1 (left) or IKZF3 (right) on overall survival in patients with
symptomatic MMIII treated with immunomodulatory drugs (n = 50); the data were analysed using the log-rank
(Mantel-Cox) test.
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expression levels compared to patients with low IKZF3 expression
levels. Another alternative is that MM patients with T-cells that
express low IKZF3 expression levelsmaypossess amore aggressive
MM clone that emerged despite the presence of highly functional
T-cells.

An important topic is the basis of the variable IKZF3 expression
levels in T-cells. Although we showed the downregulation of

IKZF3 following incubation with immunomodulatory drugs in
vitro, the IKZF3 levels in the T-cells from MM patients were not
significantly affected by a lenalidomide-based induction therapy in
vivo; these results were confirmed with our in vitro assay.
Additionally, BM serum was not able to influence the IKZF1/3
expression level in our in vitro assay. However, we cannot rule out
whether a longer incubation time between T-cell, in the context of

Figure 3. The effect of IKZF3 expression on immune functionality and response to lenalidomide.

(A) Representative ELISPOTs from two patients with MMIII with a positive specific T-cell response against the MART-
1aa26-35*A27L peptide (above) or with a negative T-cell response (below).

(B) Percentages of IKZF3+ T-cells from patients with positive or negative ELISPOTs.
(C) IL-2 concentrations measured by ELISA using T-cells collected from 14 MMIII patients who were previously categor-

ized into the IKZF3high and IKZF3low subgroups; the cells were incubated with CD3/CD28 activation beads and 10 µM
lenalidomide or DMSO as a control. D, E) Flow cytometry analysis of the percentage of CD8+CD28− regulatory T-cells
and CD8+CD45RA+ T-cells (compared to total CD8+ T-cells) from IKZF3high or IKZF3low MMIII patients before and
after lenalidomide-based induction therapy.F) Flow cytometry analysis of the percentage of CD4+CD25+ regulatory
T-cells in IKZF3high or IKZF3low MMIII patients.

e1486356-6 M. H. S. AWWAD ET AL.



long lasting exposure, and malignant plasma cells may induce
robust changes in IKZF1/3 expression.

One can speculate that IKZF1/3 expression levels might be
patient-specific.On the other hand, the decreased expression levels
of IKZF3 in early MMI – compared to advanced plasma cell
disease (MMIII) – might suggest that the expression of IKZF3 in
T-cells is upregulated by the presence of the malignant plasma cell
clone as a tumour escape mechanism. Another alternative sugges-
tion is that patients with higher expression of IKZF3 in their
T-cells are more susceptible to developing symptomatic MM.
Therefore, impaired T-cell functionality increases the risk of
malignant plasma cell clone progression.

Materials and methods

Patients samples and ethics statement

To analyse the expression of IKZF1/3 proteins in T-cells,
Mononuclear cells (MNC) freshly isolated from the PB/BM
using ficoll-hypaque density gradient centrifugation (Biochrom)
were frozen in freezing medium (90% heat inactivated fetal calf
serum (FCS) from PAA Laboratories, Germany, and 10%
Dimethyl sulfoxide (DMSO) from SERVA Electrophoresis
GmbH) in cryogenic vials. Vials were first placed in isopropanol-
filled chamber at −80°C overnight, then transported into a liquid

nitrogen storage tank. In order to thaw the samples, vials were
removed from the liquid nitrogen tank and placed immediately
into 37°C water bath for less than one minute, then transferred
gently into prewarmed complete medium (20% FCS + 80% RPMI
1640 cell culturemedium fromPAALaboratories) and centrifuged
at 400x g for 5 min. Cells were then counted and resuspended in
appropriate volume of phosphate-buffered saline (PBS) (from
Sigma-Aldrich) for further analyses. Buffy coats from HD
(Institute for Immunology/IKTZ, University of Heidelberg,
Germany) were used as control samples. In accordance with the
Declaration of Helsinki, all human studies were performed after
obtaining written informed consent, and based on institutional
guidelines, all human studies were approved by the Ethics
Committee of the Medical Faculty at the University of
Heidelberg. Data safety management was performed according
to the data protection regulations of the University Hospital
Heidelberg.

Patients

A total of 298 patients have been enrolled in this study. Of
them, 212 were newly diagnosed with MMIII, while 45 were
diagnosed with MMI (according to Durie-Salmon staging
system) and 41 patients were diagnosed with MGUS
(Table 1). 38 HD have been used as a control.

Figure 3.
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All MMIII patients received treatment including thalido-
mide, lenalidomide or pomalidomide for the Induction ther-
apy. For the OS trial, 50 MMIII have been included. The
inclusion of those patients was based on the availability of

frozen MNC isolated before the beginning of any treatment,
the administration of thalidomide, lenalidomide or pomalido-
mide for the treatment and the availability of clinical follow-
up data. For the PFS trial, 42 MMI have been included. The
inclusion of those patients was based on the availability of
frozen MNC isolated before the beginning of any treatment
and the availability of clinical follow-up data until the first
progression to MMIII.

The rest of the patients have been included in the
NCT02495922 trial. Details about inclusion and exclusion
criteria can be found elsewhere.22

Molecular cytogenetic testing

Molecular cytogenetic testing was performed using a pre-
viously described method.23 Briefly, CD138+ BM plasma cells
(PCs) were purified using auto-magnetic-activated cell sorting
with anti-CD138 immunobeads as published.24 For interphase
fluorescence in situ hybridization (iFISH) analyses, a panel of
two-color probe sets was used to detect numerical changes at
the chromosomal loci 1q21/13q14, 5p15/5q35, 8p21/19q13,
9q34/15q22, and 11q22.3/17p13 as well as the IgH-transloca-
tions t(11;14)(q13;q32), t(4;14)(p16;q32), t(14;16)(q32;q23), or
any other IgH-rearrangement. Hybridization was performed
according to the manufacturer’s instructions (Cytocell) and a

Table 1. Clinical characteristics of the patients enrolled in the study.

Characteristics Number of patients,
(%)

Total
patients

298

Age
(median)

39–91 (64)

Gender Female 138 (46%)
Male 160 (54%)

Clonality type IgG Kappa 138 (46%)
IgG
Lambda

63 (21%)

IgA Kappa 29 (10%)
IgA Lambda 24 (8%)
IgM Kappa 2 (<1%)
IgM
Lambda

2 (<1%)

IgD Kappa 1 (<1%)
IgD
Lambda

1 (<1%)

BJP Kappa 22 (7%)
BJP
Lambda

16 (5%)

Disease stage (according to Salmon and
Durie)

MGUS 41 (14%)
I 45 (15%)
III 212 (71%)

Figure 4. The modulation of IKTF1/3 expression in vivo and in vitro.

(A) Changes in IKZF1/3+ T-cell frequency after incubation with MGUS BM serum or MMIII BM serum.
(B) IKZF1/3 expression levels in T-cells from the peripheral blood or bone marrow of 15 MMIII patients.
(C) The expression levels of IKZF1/3 in the DMSO-treated and lenalidomide-treated T-cells; after 24 h, the lenalidomide

and DMSO were washed from the cells, and the changes were monitored every 24 h (n = 3).
(D) IKZF1/3+ T-cell frequency in 4 patients with MMIII before and after induction therapy (4xVRD).

e1486356-8 M. H. S. AWWAD ET AL.



minimum of 100 interphase nuclei per probe were evaluated
using an automated spot counting system (Applied Spectral
Imaging). Hybridization efficiency was validated using inter-
phase nuclei obtained from the BM of a HD, and the thresholds
for gains, deletions, and translocations were set at 10%. High-
risk cytogenetic definition was considered as per Krönke et al. –
the presence of deletion 17p and/or t(4;14) or t(14;16).15

Assay method

The measurement of IKZF1/3 protein level in T-cells has been
done using flow cytometry analyses. Briefly, 1 million MNC
were resuspended in 100 µl PBS and incubated with fluoro-
chrome-labelled antibodies against CD3, CD8, CD25, CD28,
CD45, and CD45RA (all from BD Bioscience). The intranuc-
lear staining of IKZF1/3 was performed using transcription
factor buffer set (BD Bioscience) according to manufacturer’s
protocol, and fluorochrome-labelled antibodies against
IKZF1/3 (BD Bioscience). Flow cytometry measurements
were performed using a BD FACSCanto flow cytometer and
analysed with BD FACSDiva software.

Western blotting

Western blotting has been performed to test the expression of
IKZF1/IKZF3 in T cells. 30 µg of protein lysate were run on
10% standard polyacrylamide sodium dodecyl sulfate-polya-
crylamide (SDS) gels. Proteins were then transferred from the
gels to PVDF membranes (Invitrogen) by semi-dry electroblot-
ting. The blot was blocked with tris-buffered saline (TBS)
supplemented with 0.05% Tween 20 (9127, Carl Roth) and
5% Bovine Serum Albumin (BSA, Sigma-Aldrich). After block-
ing, the membranes were incubated with anti-IKZF1, anti-
IKZF3 or anti-Actin (ab26083, ab139408, ab8227, Abcam)
antibodies at 4°C overnight. The membranes were then incu-
bated with secondary Goat Anti-Rabbit IgG H&L (ab205718,
Abcam) for 2 h at room temperature, protein bands were
visualized by Pierce ECL Western Blotting Substrate kit
(32106, ThermoFischer) according to the manufacturer’s
instructions, followed by semi-automatic development of
photo by Amersham Imager 600.

Assay quality control

The percentage of T-cells expressing the target (IKZF1/3) has
been used as a quantification method. Gating was assigned
using control antibodies to subtract unspecific binding.

To test the sensitivity and accuracy of the method, we
performed pomalidomide based experiments. As pomalido-
mide causes ubiquitination and degradation of IKZF1, we
incubated T-cells with different concentrations of pomalido-
mide (0.1µM, 0.5µM, 1µM and 5µM) for 16 h, then performed
flow cytometry analyses to measure the percentage of IKZF1+

T-cells. The percentage of T-cells expressing IKZF1 was inver-
sely proportional to the concentration of pomalidomide
(Figure S1).

We also performed Western Blotting assay to verify the
IKZF1 and IKZF3 expression in T-cells of healthy donors with
and without Pomalidomide. 10 million Peripheral blood

mononuclear cells (PBMCs) were incubated with 1µM or
5µM Lenalidomide or DMSO as a control for 16 h. Then
protein lysate has been used for western blotting detection
of IKZF1/IKZF3 level in T cells (Figure S2).

In order to test the reproducibility and the effect of freez-
ing-thawing cycle, levels of IKZF1/3 were measured freshly
and after one full cycle of freezing-thawing in ten samples of
MNC isolated from the peripheral blood of HD. The measure-
ments were coefficient correlated with no observed effect of
the freezing on the percentage of positive cells (Figure S3).

Study design

42 MMI patients have been enrolled in the PFS study and 50
MMIII patients have been enrolled in the OS study. Both of
the studies have been conducted retrospectively. As patients
have been classified into IKZF1/3 high or low groups, strati-
fication analyses have been performed to analyse the differ-
ence between the two groups in terms of cytogenetic risk
group (high or standard risk) and age (Figure S4). The sam-
ples assays have been stained and measured blinded to all
clinical data including therapy, progression and survival using
an internal number for each sample and correlated with the
clinical data.

Peptides

The melanoma antigen recognized by T-cells 1 (MART-1)
aa26-35*A27L peptide (ELAGIGILTV) and the human leuko-
cyte antigen (HLA)-A2-restricted irrelevant control pep-
tide (LLIIVILGV; a control for unspecific T-cell
activation) were synthesized by the peptide-synthesis-facil-
ity of the German Cancer Research-Center Heidelberg
using standard procedures.

Isolation of t-cells

The isolation of CD3+ T-cells from MNCs was achieved by
immunomagnetic cell sorting (MACS System, Miltenyi
Biotec) according to the manufacturer’s protocol.

Expansion of MART-1aa26-35*a27l-specific T-cells and IFN-γ
ELISPOT assay

PBMCs from HLA-A*02+ HD were used to generate
MART-1aa26-35*A27L-specific T-cells. T-cells specific for this
antigen show cross-reactivity for HM1.24, an antigen
highly-expressed on MM cells, and are able to lyse auto-
logous MM cells.25 Immature DCs were obtained by cultur-
ing plastic-adherent PBMCs for 5 days in RPMI 1640
medium containing GM-CSF (800 U/ml, Sargramostim,
Bayer), IL-4 (500 U/ml, R&D Systems) and 5% heat-inacti-
vated human serum. The maturation of immature DCs was
then induced by supplementing TNF-α (10 ng/ml, R&D
Systems), IL-6 (1000 U/ml, PromoCell) and prostaglandin
E2 (1 µg/ml, Biomol/Enzo Lifesciences) for 2 days in the
presence of the MART-1aa26-35*A27L peptide (10 µg/ml) to
load the DCs. Afterwards, autologous PBMCs were incu-
bated for 7 days together with mature DCs loaded with
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MART-1aa26-35*A27L peptide in T-cell medium to expand the
MART-1aa26-35*A27L-specific T-cells.

Ifn-γ ELISPOT assay

CD8+ cells were purified from the MART-1aa26-35*A27L-acti-
vated T-cell population by positive immunomagnetic cell
sorting (MACS-system, Miltenyi Biotec). Purified CD8+ cells
were then incubated with the MART-1aa26-35*A27L peptide or
irrelevant peptide-pulsed T2 cells (loaded by a 2-h incubation
in serum-free RPMI 1640 media containing 10 µg/ml peptide)
for 24 h in anti-IFN-γ antibody- (Mabtech) coated nitrocellu-
lose-plates (Millipore) in an effector cell to target cell (E:T)
ratio of 1:5. Subsequently, plate-bound IFN-γ was detected as
previously described.26

Non-specific activation of T-cells and IL-2 enzyme-linked
immunosorbent assay (ELISA)

To analyse the non-specific activation of T-cells, CD3+ cells
were isolated from MNCs and were activated with anti-CD3/
CD28 microbeads (Dynabeads, Invitrogen Dynal) for 24 h at a
cell:bead ratio of 1:4. Afterwards, the concentration of IL-2 in
the supernatants of the T-cell activation cultures was deter-
mined with an IL-2 ELISA kit (Mabtech) according to the
manufacturer’s instructions.

RT-PCR

Gene expression analyses were measured by TaqMan real-time
reverse transcription polymerase chain reaction (RT-PCR) assays.
Total RNA was extracted from CD3+ T-cells using RNeasy Kit
(Qiagen, Germany). For cDNA reverse transcription and PCR
amplification reaction TaqMan RNA-to-CT™ 1-Step Kit (Thermo
Fisher scientific, Germany) has been used according to the man-
ufacturer’s protocol. The following primer-probe sets from Life
Technologies were used: IKZF1 (Hs00958474_m1), IKZF3
(Hs00232635_m1), 18S (Hs03003631_g1). Analysis was per-
formed on a StepOnePlus™ RT-PCR System (Applied
Biosystems) in a 96-well plate. Relative expression levels were
calculated using the ΔΔCT method.

Statistical and survival analyses

Differences in the number of spots per well in the IFN-γ
ELISPOT assay experiments between T2 cells loaded with
MART-1aa26-35*A27L and T2 cells loaded with an irrelevant
peptide were calculated by Student’s t-test using Statistica
software for Windows (StatSoft, Tulsa OK, USA). ELISPOT
assays were defined as positive if MART-1aa26-35*A27L pep-
tide activation achieved at least 10 spots more than the
control peptide and if the difference was significant
(p < 0.05). Unless otherwise specified, the comparisons
between different patient groups were measured with
t-tests using the GraphPad (version 5.01) software, and the
difference was considered statistically significant at
(p < 0.05). Kaplan-Meier plots were generated using
GraphPad software, and regardless of cause, OS was

considered as the time from the first diagnosis of MMIII
until death; patients alive at the last follow-up were cen-
sored. PFS was measured from the first diagnosis of asymp-
tomatic MMI until the first observed progression to
symptomatic MM; patients who did not progress until the
last follow-up were censored. The log-rank (Mantel-Cox)
test was used to compare the differences between different
groups in the OS and PFS analyses, and P-value p < 0.05
was considered to be statistically significant.
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